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•  Arc  ion  plating  was  used  to  fabricate  pure  A1  coating  on  310S  stainless  steel. 

•  EIS  is  employed  to  evaluate  the  impact  of  high-temperature  annealing  on  the  A1  coating. 

•  Two  distinct  sets  of  impedance  spectra  are  obtained  for  the  aluminide  from  with/without  high-temperature  annealing. 

•  Microstructure  tends  to  have  great  impact  on  the  corrosion  mechanism  of  the  Al-Fe  coating. 
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An  arc  ion  plating  (AIP)  was  used  to  fabricate  a  FeAl  layer  on  310S  stainless  steel  to  protect  the  sealing 
area  being  corroded  by  the  molten  carbonate  in  molten  carbonate  fuel  cells  (MCFCs).  The  degradation  of 
aluminide  coatings  comes  from  both  the  corrosion  of  the  coating  in  contact  with  the  molten  carbonate 
and  the  aluminium  depletion  due  to  the  interdiffusion  of  aluminium  and  the  substrate.  The  in-situ 
forming  of  aluminide  in  molten  carbonate  at  650  °C  could  be  a  possible  way  to  reduce  the  inward 
diffusion  of  aluminium  in  the  conventional  pre-annealing  at  850  °C.  Electrochemical  impedance  spec¬ 
troscopy  (EIS)  measurements  were  performed  to  model  the  corrosion  of  this  pre-formed  FeAl  coating  in 
comparison  with  the  one  formed  in-situ  in  molten  (0.62  Li+0.38  I<)2C03  at  650  °C.  Although  a-LiA102  is 
the  corrosion  product  in  both  cases,  the  impedance  spectra  show  distinct  rate-limiting  steps;  the  former 
is  controlled  by  the  charged  particles  passing  through  the  scale,  while  the  latter  by  their  diffusion  in  the 
melt.  The  microstructure  of  the  scale  might  be  the  reason  for  the  difference  in  corrosion  mechanism. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  molten  carbonates  at  650  °C  cause  significant  corrosion 
problems  to  the  construction  materials  of  Molten  Carbonate  Fuel 
Cells  (MCFC)  1-4]  and  the  aluminide  alloys  and  coatings  are  rec¬ 
ommended  to  reduce  the  corrosion  in  the  wet-sealing  area,  where, 
unlike  the  current-collection  area,  the  materials  require  no  con¬ 
ductivity  [5,6].  Aluminide  will  react  with  molten  carbonates  to 
form  a  thin  layer  of  corrosion-resistant  LiAlCb  which,  if  porous,  is 
also  the  matrix  material  for  the  electrolyte  of  MCFC  to  retain  molten 
carbonates. 
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The  corrosion  of  Fe— A1  alloys  in  molten  carbonates  has  been 
studied  using  weight-gain  and  electrochemical  methods  [7-10]. 
Acidic  fluxing  of  yttria  in  the  Oxide-Dispersion-Strengthened  (ODS) 
FaAl  alloy  was  accused  of  the  pitting  corrosion  because  of  the 
active-passive  electrochemical  cells  between  the  interior  of  pits 
and  the  external  surface  [7].  The  impedance  spectra  of  Fe  -  40  at.  % 
A1  -  0.5  at.  %  B  were  reported  to  consist  of  two  capacitance  arcs 
after  20-h  immersion  in  molten  (0.62  Li  +  0.38  I<)2C03  at  650  °C, 
and  the  corrosion  of  Fe-Al  was  controlled  by  the  diffusion  of 
charged  particles  through  the  scale  from  then  on  [8].  In  addition, 
Jun  [9]  reported  that  the  FeAl  alloy  required  a  minimum  of  25  at.  % 
A1  to  form  a  continuous  LiAlC^  scale  in  Li/K  carbonate  melt  at 
650  °C,  and  the  microstructure  features  of  the  scale  and  the  alloy 
surface  had  a  great  influence  on  the  corrosion  behaviour. 

Because  stainless  steels,  particularly  austenitic  steels,  are  the 
construction  material  of  MCFC  and  aluminide  alloy  shows  poor 
mechanical  properties,  so  the  application  of  aluminide  coatings  on 
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stainless  steel  has  more  practical  significance.  The  pure  aluminium 
coatings  can  be  fabricated  using  low-cost  spraying  or  slurry  tech¬ 
nique,  and  they  will  interact  with  the  stainless-steel  substrate  to 
form  an  aluminide  coating  in  the  subsequent  annealing  process  at  a 
temperature  above  800  °C  [11—14].  Aguero  etal.  [11  and  Perez  etal. 
[12]  used  EIS  to  study  the  corrosion  of  the  coatings  from  the  ther¬ 
mal  spray  and  the  slurry  technique  in  molten  carbonates  respec¬ 
tively;  two  capacitance  arcs  could  be  distinguished  from  the 
Nyquist  plots  and  the  polarisation  resistance  was  used  to  estimate 
the  corrosion  rate.  Furthermore,  Frangini  et  al.  [15,16]  reported  the 
results  obtained  by  depositing  a  layer  of  FeAl  intermetallic  alloy 
directly  onto  316L  austenitic  stainless  steel  using  the  Electrospark 
Deposition  (ESD)  technique  to  circumvent  the  annealing  process, 
and  found  that  after  1000-h  immersion  test,  the  aluminide  coating 
suffered  from  degradation  owing  to  the  microcrack  and  Al- 
depletion. 

Because  the  annealing  process  would  add  to  the  cost  of  the 
coating  process,  a  high-quality  aluminide  coating  could  be  formed  at 
the  start-up  stage  of  the  MCFC  if  a  pure  aluminium  coating  was 
applied  [17].  The  omission  of  pre-annealing  process  could  reduce  the 
processing  cost  and  the  aluminium  loss  in  the  protective  layer 
because  of  the  interdiffusion  between  the  aluminium  and  the  sub¬ 
strate  at  high  temperature.  However,  no  corrosion  behaviour  of  this 
method  has  been  reported  and  the  corrosion  mechanism  of  fresh 
aluminium  coating  in  molten  carbonate  is  not  very  clear.  This  paper 
serves  to  study  the  corrosion-resistant  property  of  the  pure  Al  coating 
immersed  directly  into  molten  carbonates  at  650  °C  in  comparison 
with  the  pre-formed  Al-Fe  coating  at  850  °C.  Interestingly,  the  im¬ 
mersion  of  the  pure  Al  coating  into  the  molten  carbonates  produces  a 
layer  of  FeAl  aluminide  after  120  h  immersion,  but  its  corrosion 
behaviour  is  distinct  from  that  of  pre-formed  FeAl  coating. 

In  studying  the  corrosion  of  aluminide  coatings  against  molten 
carbonates,  the  state-of-the-art  ion  plating  Al  coating  [12,15,18] 
which  is  known  to  provide  a  dense  and  coherent  coating.  The  AIP 
is  employed  in  this  study  to  produce  an  adherent  and  compact 
coating  for  studying  the  effect  of  high-temperature  annealing  on 
the  corrosion  mechanism  in  molten  carbonate  by  eliminating  the 
factors  like  microcrack,  voids  and  compositional  segregation  and 
complex  phases  that  would  complicate  the  explanation.  The 
universally-claimed  lithiation  process  at  the  beginning  of  the 
corrosion  process  can  be  inferred  from  the  electrochemical 
impedance  data  very  easily  for  the  first  time.  In  addition,  the  high 
quality  coating  is  also  beneficial  to  illustrate  the  typical  impedance 
models  for  the  corrosion  of  coatings  in  molten  salt. 

2.  Experimental 

2.1.  Materials  preparation 

The  commercial  310S  stainless  steel  (Fe  -  26.37  wt.  %  Cr  - 
18.5  wt.  %  Ni  -  1.4  wt.  %  Mn  with  a  trace  amount  of  P  <  0.45  wt.  %, 
5  <  0.03  wt.  %  and  C  <  0.08,  wt.  %)  was  cut  into  16x8x2  mm  with 
a  hole  of  1.5  mm  in  diameter,  ground  to  800  grit  sand  paper  and 
cleaned  in  acetone  using  ultrasonic  bath  before  the  deposition  of  Al 
coating.  The  cathode  target  of  AIP  in  this  work  is  pure  Al  (99.99  wt. 
%).  The  deposition  chamber  was  evacuated  to  the  pressure  of 
8  x  10~3  Pa  and  the  chamber  was  heated  simultaneously  to  120  °C 
to  remove  the  residual  gas  adsorbed  on  the  chamber  wall  and 
samples.  Then  the  Al  target  was  initiated  at  the  bias  voltage  of 
800  V  for  3  min  to  sputter  clean  the  surface  of  the  substrate.  After 
that,  the  deposition  was  carried  out  to  deposit  an  Al  coating  of 
~  10  pm,  and  the  parameters  are  listed  in  Table  1,  similar  to  those  in 
reference  [19]. 

After  being  sealed  in  an  evacuated  quartz  tube  containing  slight 
argon  gas,  several  of  the  samples  were  annealed  at  850  °C  for 


Table  1 

Parameters  for  the  multi-arc  ion  plating  used  for  Al  deposition. 


Working  pressure  (Pa) 

5-8  x  10 

Arc  voltage  (V) 

20-24 

Arc  current  (A) 

60-65 

Bias  voltage  (V) 

-220 

Bias  duty  cycle  (%) 

33.00 

Temperature  (°C) 

200-300 

The  distance  between  targets  and  substrates  (mm) 

120.00 

200  min  and  called  as-annealed  samples.  Two  of  the  as-annealed 
samples  or  the  as-deposited  samples,  after  an  Fe  -  25  wt.  %  Cr  - 
1  wt.  %  Al  lead  wire  being  attached  to  each  sample  at  the  end  of  O 
1.5  mm  hole,  were  sealed  in  alumina  tubes  with  high-temperature 
cement  to  form  a  two-electrode  system.  The  surface  area  of  each 
working  electrode  was  0.8  cm2.  The  two-electrode  system  was  used 
to  avoid  the  potential  change  of  the  reference  electrode  in  a  three- 
electrode  system  for  long-term  EIS  tests.  The  setup  of  the  experi¬ 
ment  is  illustrated  in  Fig.  1  [14,20]. 

2.2.  Electrochemical  test  and  characterization 

The  mixed  powder  of  62%  Li2C03  +  38%  K2CO3  (in  mole  ratio) 
was  put  in  a  furnace,  then  heated  up  to  350  °C  and  stabilised  for 
24  h  to  purge  the  trace  amount  of  moisture.  The  furnace  was  kept  at 
650  °C  during  the  electrochemical  tests.  The  electrode  was  put  into 
the  melt  at  650  °C  afterwards  and  EIS  data  were  retrieved  at  fixed 
intervals.  The  electrochemical  impedance  measurements  were 
carried  out  in  the  frequency  range  of  105— 10-2  Hz  using  a 
computer-controlling  M398  Impedance  Test  System  containing  a 
Potentiostat  263 A  of  Princeton  Applied  Research  (PAR)  and  an 
M5210  lock-in  amplifier.  The  amplitude  of  input  sine  signal  was 
10  mV.  A  Fourier  transform  technique  was  employed  for  fre¬ 
quencies  in  the  range  of  0.01-1.13  Hz  to  increase  measurement 
speed  and  lower  the  degree  of  perturbation  to  the  cell.  The 
impedance  spectra  were  calculated  and  fitted  with  Zview  software. 

The  coatings  before  and  after  the  electrochemical  tests  were  also 
characterised  by  X-ray  diffraction  (XRD)  and  scanning  electron 


Fig.  1.  Set-up  of  the  electrochemical  tests  and  the  assembly  of  two-electrode  system. 
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microscopy  (SEM)  equipped  with  energy  dispersive  X-ray  analysis 
(EDX). 

3.  Results  and  discussion 

3.1  Morphology  of  the  Al  coating  before  and  after  high- temperature 
annealing 

The  cross-sectional  images  of  the  as-deposited  and  as-annealed 
coatings  are  shown  in  Fig.  2.  The  EDX  line  scan  in  Fig.  2(c)  and  (d) 
shows  the  spatial  distribution  of  aluminium  on  the  surface  of  alloys. 
In  Fig.  2(a),  a  coherent  interdiffusion  layer  (average  composition:  Al 
-  5.41  at.  %  Fe  -  3.31  at.  %  Cr  -  1.95  at.  %  Ni  -  0.4  at.  %  Mn  by  EDX)  of 
3.5-pm  thickness  on  the  substrate  is  covered  by  a  continuous  but 
wavy  Al  layer.  On  the  contrary,  an  evenly  distributed  aluminide 
coating  covers  the  surface  after  the  high-temperature  annealing 
process  as  shown  in  Fig.  2(b).  The  EDX  composition  of  the  FeAl  layer 
in  the  as-annealed  coating  is  Fe  -  49.61  at.  %  Al  -  13.17  at.  %  Cr  - 
6.72  at.  %  Ni  on  the  surface  layer  and  the  XRD  curve  verifies  the 
phase  of  FeAl.  An  interdiffusion  zone  where  the  Cr  or  Ni  enriches 
(Fig.  2(d))  can  be  identified  in  between  the  FeAl  layer  and  the 
substrate.  For  an  Fe-Al  diffusion  couple,  the  Fe  and  Al  tracer 
diffusivity  at  the  low  Al  side  in  the  A2-disordered  state  are  four- 
order  magnitude  as  larger  as  that  at  the  high  Al  side  in  the  B2- 
ordered  state  [21],  so  the  formation  of  B2-ordered  FeAl  phase  is 


attributed  to  Fe  diffusion  at  the  low  Al  side  before  the  formation  of 
final  FeAl  phase.  The  surface  morphologies  of  the  coatings  before 
and  after  the  annealing  process,  as  shown  in  Fig.  3(a)  and  (b), 
respectively,  are  very  different;  the  surface  of  the  as-deposited  Al 
coating  develops  a  loose  surface  containing  flakes  and  beads  of  2— 
5  pm,  while  the  as-annealed  sample  shows  relatively  uniform 
curves  with  dimensions  between  1  and  2  pm. 

3.2.  Phase  and  morphology  analysis  of  the  corrosion  product 

Fig.  4  shows  the  XRD  results  of  the  as-annealed  and  as- 
deposited  coating  after  the  120-h  corrosion.  The  original  Al 
coating  transforms  to  a  layer  of  FeAl  intermetallics  during  the 
corrosion  as  can  be  indicated  in  Fig.  4(a).  The  scales  formed  on  both 
coatings  are  oc-LiA102  according  to  XRD  curves.  The  relative  in¬ 
tensity  of  a-LiA102  peaks  of  Al-Fe  in  Fig.  4(a)  is  stronger  than  that  in 
Fig.  4(b),  indicating  a  thicker  layer  of  corrosion  products  on  the  as- 
deposited  Al  sample.  According  to  Vossen  et  al.  [22],  a-LiA102  was 
also  the  protective  product  of  Ni-50  at.  %  Al  intermetallics  against 
the  corrosion  of  molten  carbonates.  At  650  °C,  oc-LiA102  in  molten 
carbonates  was  stable  even  after  33  000  h  without  converting  into 
y-LiA102  and  showed  a  good  durability  23]. 

Even  though  an  Al-Fe  coating  containing  Fe  -  40.2  at.  %  Al  —  16 
4  at.  %  Cr  -  5.1  at.  %  Ni  (EDX  composition)  has  been  retained  on  the 
surface  of  as-deposited  sample  after  120  h  annealing  in  the  molten 


Fig.  2.  SEM  of  the  as-deposited  coating  (a)  and  as-annealed  coating  (b);  the  inserts  are  the  low-magnification  images,  (c)  and  (d)  are  the  EDX  line  scans  in  image  (a)  and  (b), 
respectively.  The  regions  of  Ni-  or  Cr-rich  area  are  indicated  in  image  (b). 
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Fig.  3.  Surface  morphology  of  the  as-deposited  coating  (a)  and  as-annealed  coating 
(b). 


carbonates,  its  scale  morphology  and  thickness  is  significantly 
different  from  that  of  the  as-annealed  samples.  The  cross-sectional 
images  of  the  corroded  samples  are  shown  in  Fig.  5.  The  bright 
particles  are  Cr-rich  precipitates  (Fe  -  34.1  at.  %  Al  -  34.3  at.  %  Cr  - 
2.1  at.  %  Ni  by  EDX)  in  aluminide  layer  and  can  be  attributed  to  the 
diffusion  of  Cr  from  the  substrate.  When  the  Al  coating  on  310S 
stainless  steel  was  annealed  at  650  °C  without  molten  carbonate, 
Cr-rich  particles  were  also  found  in  reference  13. 

The  aluminide  layer  of  the  as-annealed  sample  after  the  120-h 
immersion  test  in  molten  carbonate  at  650  °C  in  Fig.  5(b)  is  thicker 
than  that  of  the  initial  state  in  Fig.  2(b).  The  composition  of  the 
aluminide  layer  by  EDX  is  Fe  -  33.3  at.  %A1  -  16.7  at.  %Cr  -  8.3  at. 
%  Ni;  i.e.,  the  Al  composition)  is  decrease  from  around  50  at.  %  to 
around  33  at.%,  because  of  the  interdiffusion  between  Al  and  the 
surface  to  the  substrate  after  the  formation  of  FeAl  phase  [24].  A 
comparison  of  the  composition  between  the  two  coatings  after 
120  h  annealing  in  molten  carbonate  shows  that  the  sample 
without  pre-annealing  is  7  at.%  higher,  while  the  compositions  of 
nickel  and  chromium  are  similar.  An  ultra  thin  layer  of  corrosion 
product  is  found  on  the  as-annealed  sample,  Fig.  5(b),  but  an 
indented  oxide  layer  outgrows  on  the  FeAl  layer  of  the  as- 
deposited  sample,  as  indicated  in  Fig.  5(a),  where  some  bright 
particles  can  also  be  found  in  the  FeAl  layer. 


3.3.  EIS  for  the  Al  coatings  with  and  without  high-temperature 
annealing 

Fig.  6(a)  is  the  impedance  spectra  of  the  as-deposited  Al  coating 
in  molten  carbonate  at  different  times.  The  impedance  spectra 
contain  a  well-formed  loop  at  high  frequency  and  a  straight  line  at 
low  frequency.  The  modulus  of  impedance  increases  rapidly  from 
2  h  to  12  h  and  levels  off  afterwards.  The  low  modulus  of  impedance 
at  2  h  can  be  partially  attributed  to  the  large  area  of  the  rough 
surface  as  shown  in  Fig.  3. 

The  impedance  spectra  of  the  annealed  sample  show  two  loops, 
a  large  one  at  the  low-frequency  part  and  a  small  one  at  the  high- 
frequency  part.  Two  loops  can  be  inferred  easily  from  the  Bode 
plots,  and  the  small  loops  are  magnified  by  the  inserts  in  Fig.  6(b). 
The  modulus  of  the  impedance  starts  from  a  large  value  of 
500  Q  cm  [2]  at  2  h,  decreases  to250  Q  cm  [2]  in  the  first  12  h  and 
then  stabilises  at  450  Q  cm  [2]  after  72  h. 


Fig.  4.  XRD  pattern  of  as-deposited  coating  (a)  and  as-annealed  coating  (b)  after  120  h 
immersion  in  molten  carbonate  at  650  °C.  The  insert  is  used  to  magnify  the  peaks  of  a- 
LIA102  of  as-annealed  sample  in  (b). 


3.4.  Interpretation  of  impedance  spectra 

The  electrochemical  process  of  hot  corrosion  can  be  divided  into 
a  cathodic  and  an  anodic  process,  which  are  crucially  important  to 
the  interpretation  of  impedance  spectra  and  the  understanding  of 
the  corrosion  mechanism.  Because  only  a  trace  amount  of  molec¬ 
ular  O2  dissolves  in  molten  carbonate  at  650  °C  [25],  it  will  be 
reduced  at  first  by  reacting  with  molten  carbonate  to  form 
peroxide,  superoxide  or  bicarbonate  ions,  which  will  transport  to 
the  solid/molten  salt  interface  to  form  the  corrosion  products 
[26,27].  In  the  presence  of  air,  the  main  reduced  product  of  O2  is 
peroxide,  O2-,  by  the  reactions  28,29]: 

2COf~  — >202~+2C02  (1) 


02+  2C02- — >202_+2C02  (2) 

After  accepting  the  electrons  supplied  by  the  anodic  reactions, 
the  peroxide  ion  will  be  reduced  to  O2-,  which  will  in  the  end 
combine  with  metallic  ion  to  form  oxides.  Therefore  the  cathodic 
reaction  is 
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Fig.  5.  SEM  of  the  as-deposited  coating  (a)  and  as-annealed  coating  (b)  after  immer¬ 
sion  in  molten  carbonate  for  120  h. 


0|~+2e  ^202- 

(3) 

And  the  anodic  reactions  are 

Al— >Al3++3e“ 

(4) 

Fe— >Fe3++3e- 

(5) 

It  can  be  seen  that  the  corrosion  of  Al-coated  sample  with  and 
without  high-temperature  annealing  forms  lithium  aluminate 
LiA102,  a  result  of  the  well-known  lithiation  process  of  AI2O3  [9,12]. 

When  the  as-deposited  coating  is  put  into  the  molten  salt,  it  will 
corrode  very  fast  because  of  the  porous  surface  that  allows  easy 
infiltration  of  molten  salt  and  large  reaction  area.  The  change  from 
the  wavy  aluminium  to  a  fairly  flat  surface  would  indicate  a  dra¬ 
matic  rearrangement  of  surface  layer  during  immersion  times  of 
the  as-deposited  coating.  Some  oxide  particles  can  also  be  found  in 
the  cross-sectional  image  of  the  corroded  sample  of  the  as- 
deposited  coating  in  Fig.  5(a),  as  an  evidence  of  this  rearrange¬ 
ment.  This  process  might  finish  in  the  first  12  h  and  is  indicated  by 
the  slight  change  in  the  modulus  of  impedance  afterwards. 
Although  an  oxide  layer  may  form  on  the  surface,  the  morphology 
of  the  Al  layer  is  changing,  causing  the  newly  formed  brittle 
alumina  to  peel  off.  The  rugged  surface  of  aluminide  surface  is  also 


easily  subjected  to  active-passive  electrochemical  cells  [7].  The 
aluminide  formed  subsequently  has  a  rough  and  non-protective 
scale  on  its  surface  and  the  sample  will  suffer  from  active  corro¬ 
sion,  so  the  diffusion  of  oxide  ion  species  is  the  rate-limiting  step. 
Jun  [9]  maintained  that  the  Al-Fe  coating  with  an  uneven  scale 
morphology  may  suffer  from  localized  attack  on  the  coating  surface 
and  the  growth  of  corrosion  products  inside  the  coating  layer.  Such 
corrosion  behaviour  at  the  surface  was  thought  to  be  associated 
with  rough  surface  texture,  inhomogeneous  composition  distribu¬ 
tion,  and  microstructural  defects.  Considering  the  porous  scale  on 
the  surface  and  the  long  line  at  the  low-frequency  part  of  the 
impedance  map,  the  model  in  Fig.  7(a)  is  proposed  to  explain  the 
impedance  data  [30].  Rei  Ra  and  Rc  are  electrolyte,  cathodic  and 
anodic  charge-transfer  resistance,  respectively.  A  Constant  Phase 
Element  (CPE)  Qdi,  is  used  to  replace  the  double-layer  capacitance, 
Cdi,  in  the  simulation  process,  for  dispersion  effect  is  very  common 
in  corrosion  of  molten  salt;  Ydi  is  the  numerical  value  of  the 
admittance  of  Qdi  and  ridi  the  dispersant  coefficient.  Zd  is  the 
diffusion-related  impedance,  whose  value  is: 

Zd  =Ad(jcj)nd  (6) 

where  Ad  is  the  modulus  of  Zd,  associated  with  the  solubility  and 
diffusion  coefficient  of  oxidants  in  the  melt,  and  rid  (-1  <  «d  <  0), 
the  coefficient  of  Zd.  When  rid  >  -0.5,  the  diffusion  is  infinite- 
length-diffusion  and  Zd  becomes  Warburg  impedance,  Zw;  when 
rid  >  -0.5,  Zw  is  influenced  by  tangential  diffusion;  when  rid  <  -0.5, 
the  diffusion  path  was  blocked  to  some  extent.  As  can  be  seen  from 
the  simulated  data  in  Table  2,  the  diffusion  impedance  is  classified 
as  Warburg  impedance  only  for  the  data  of  2  h,  indicating  the  effect 
of  oxide  on  the  diffusion  of  ionic  species  of  oxygen  can  be  neglected 
at  2  h;  the  oxides  formed  on  the  surface  have  a  great  effect  on  the 
diffusion  process  after  12  h.  Frangini  and  Loreti  [31]  ascribed  this 
infinite  diffusion  to  the  insufficient  barrier  properties  of  the  scale 
because  of  lithiation  process  when  studying  the  corrosion  of  310s 
stainless  steel  in  molten  carbonate  in  the  temperature  range  be¬ 
tween  575  and  695  °C.  The  diffusion  process  becomes  increasingly 
difficult  since  Aw  increases  persistently  in  the  first  72  h  though  it 
dips  a  bit  at  120  h.  The  charge  transfer  resistance,  Rct,  reaches  its 
peak  at  12  h,  when  the  transfer  of  the  charged  particles  on  the 
interface  is  blocked  most  severely  by  the  outgrowth  of  oxides.  The 
drop  of  Ret  after  12  h  can  be  attributed  to  the  brittleness  of  alumina 
or  lithium  aluminate  which  cracks  and  peels  off  when  getting  thick 
[12]  or  the  formation  of  more  porous  oxide  during  the  lithiation 
process  [32  .  At  12  h,  the  Ydi  value  reaches  the  minimum  but  with 
the  largest  value  of  ridi,  and  Rc t,  indicating  that  an  oxide  layer  with  a 
smoother  surface  and  smaller  porosity,  compared  with  other  time, 
possibly  appears  on  the  sample  at  this  time. 

Fe  -  40  at.  %  Al  -  0.5  at.  %B,  Cu  -  30  at.%  Al  and  Ni3Al  alloy 
forming  a  protective  oxide  layer  after  an  extended  immersion  in 
molten  (0.62Li  +  0.38K)2C03  at  650  °C  were  reported,  and  the  two 
capacitance  loops  of  the  impedance  map  were  attributed  to  the 
capacitance  of  the  oxide  layer  in  low-frequency  part  in  series  with 
that  of  the  double  layer  at  the  melt/scale  interface  in  low-frequency 
part  [30,33,34],  as  shown  in  the  proposed  model  in  Fig.  7(b).  The 
high  polarization  resistance  (250  Q  cm2)  at  2-h  of  immersion  in¬ 
dicates  a  protective  scale  is  on  the  surface  of  the  as-annealed 
sample,  in  comparison  with  that  of  as-deposited  coating 
(90  Q  cm2).  The  Rf  and  Cf  corresponding  to  the  low-frequency  loop 
are  the  resistance  and  the  capacitance  of  the  oxide  film,  respec¬ 
tively.  This  model  can  be  used  to  explain  the  corrosion  mechanism 
of  the  as-annealed  sample  because  similar  impedance  spectra  and  a 
protective  scale  are  found.  The  parameters  of  the  simulated  data  are 
listed  in  Table  3,  where  a  CPE,  Qf,  is  used  to  replace  Cf  considering 
the  dispersant  effect,  and  represented  by  Yf  and  rif.  The  corrosion 
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Fig.  6.  Nyquist  (open  marks)  and  Bode  (closed  marks)  plots  for  the  corrosion  process  of  as-deposited  coating  (a)  and  as-annealed  coating  (b)  at  different  immersion  time.  Scattered 
points  are  measured  data  and  lines  are  simulated  data.  The  inserts  in  (b)  serve  to  magnify  the  high-frequency  loops. 
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Fig.  7.  Equivalent  circuits  for  simulating  the  impedance  data  of  as-deposited  coating 
(a)  and  as-annealed  coating  (b). 

process  is  controlled  by  the  transport  of  the  charged  particles 
moving  through  the  dense  scale  since  Rf  is  much  larger  than  Rct.  The 
increase  of  Rct  suggests  that  the  transfer  of  charged  ions  on  the 
scale/melt  interface  is  becoming  more  difficult  along  the  growth  of 
oxide  layer.  However,  there  is  a  significant  drop  of  Rf  from  941.8  to 
310.7  Q  cm2  between  2  h  and  12  h,  and  this  can  be  attributed  to  the 
lithiation  of  AI2O3,  a  process  happening  after  the  formation  of  oxide 
[32]  and  producing  more  conductive  0C-UAIO2  [12].  The  corrosion 
rate  of  the  alloys  is  proportional  inversely  to  the  value  of  the  po¬ 
larization  resistance,  Rpoi,  which  can  be  approximated  by  the  sub¬ 
tracting  the  high-frequency  impedance  at  10  kHz  from  the  low 
frequency  at  10  mHz.  The  high  Rpoi  value  at  2  h  for  the  as-annealed 
sample  (518  Cl  cm2)  is  as  5.76  times  as  that  of  the  as-deposited 
sample  (90  Q  cm2),  indicating  a  slow  corrosion  process  of  the  as- 
annealed  sample.  Since  the  corrosion  process  involves  the  trans¬ 
port  of  O2-  through  the  scale,  the  high  Rf  can  be  a  result  of  the  low 
O2-  conductivity  of  the  scale.  From  12  h  onward,  the  increasing 
charge-transfer  resistance,  Rc t,  is  a  result  from  the  growth  of  oxide 
layer.  Since  the  value  of  parameter  Y  can  be  approximately 
expressed  in 

Y~C  =  e^A/d  (7) 

where  z 0  is  the  dielectric  constant  of  air,  I<  the  relative  dielectric 
constant  of  the  medium,  7  the  surface  porosity,  A  the  effective  area 
of  electrode,  and  d  the  half-thickness  of  capacitance.  The  decrease 
of  Yf  is  due  the  lithiation  process,  which  changes  the  permittivity, 
sot  of  the  scale  during  and  the  half-thickness  of  capacitance,  d.  Y& 
value  increases  continually  from  8.77  x  10~4  fl”1  S~n  cm-2  at  2  h  to 
2.60  x  10-3  Q-1  S~n  cm-2  at  120  h,  and  the  reason  for  this  might  be 
the  change  of  the  surface  condition  of  the  oxide  layer;  i.e.,  the  oxide 
layer  is  getting  more  porous  and  its  surface  is  also  roughening,  a 
typical  process  owing  to  lithiation  process  [32].  Although  taking  on 
a  higher  porosity  and  rougher  surface,  the  oxide  layer  on  the  high- 
temperature  annealed  sample  is  growing  thicker,  providing  better 
protection  to  the  substrate  materials. 


Table  2 

Simulated  parameters  for  the  EIS  of  as-deposited  Al  coating  at  different  immersion 
time. 


Time 

Re  ^  cm2 

Ydi  Q  1 S  "cm  2 

ridiQ  1 

S-n  cm-2 

AdQ 

S"n  cm2 

nd  ^ 

S"n  cm2 

aRct 

Q  cm2 

2  h 

0.81 

2.53  x  10"4 

0.74 

19.23 

-0.48 

18.01 

12  h 

1.01 

7.05  x  10  5 

0.82 

34.97 

-0.56 

26.02 

72  h 

0.87 

3.48  x  10~4 

0.59 

66.93 

-0.64 

23.64 

120  h 

1.09 

7.94  x  10"4 

0.57 

61.77 

-0.64 

19.57 

a  Rct  =  RaRJ(Ra  +  Rc). 


Table  3 

Simulated  parameters  for  the  EIS  of  as-annealed  Al  coating  at  different  immersion 
time. 


Time 

Re  Q  cm2 

ydi  cr1 

cm'2 

s-n 

Hdl 

Rct  Q 
cm2 

YfCr1  s-n 
cm-2 

nf 

Rf  Q  cm2 

2  h 

1.17 

8.77  x 

10'4 

0.59 

6.80 

7.69  x  10'3 

0.67 

941.8 

12  h 

1.58 

4.51  x 

10-4 

0.60 

6.03 

8.41  x  10"3 

0.63 

310.7 

72  h 

1.51 

1.17  x 

10'3 

0.42 

14.44 

5.66  x  10'3 

0.67 

540.5 

120  h 

1.53 

2.60  x 

10'3 

0.36 

20.39 

4.83  x  10'3 

0.68 

542.5 

The  as-annealed  sample  forms  a  0C-UAIO2  scale  without  the 
LiFe02  layer  on  the  top  that  is  found  on  the  FeAl  alloy  Fe  -  40  at.  % 
Al  -  0.5  at.  %  B  under  the  same  condition  [7,14].  The  reason  for  this 
is  possibly  the  active  element  of  Cr  in  the  coating  that  will  enhance 
the  formation  of  pure  alumina  scale  thanks  to  the  Third  Element 
Effect  (TEE)  [35].  The  scale  on  the  as-deposited  coating  suffered 
from  persistent  active  corrosion  even  though  a  continuous  layer  of 
Al— Fe  layer  was  formed  on  the  surface  after  120-h  immersion  at 
650  °C.  The  corrosion  process  is  a  combination  of  the  diffusion  of 
oxygen  ion  and  lithium  ion  into  the  initially  produced  crack  as  a 
result  of  the  surface  rearrangement  in  the  initial  stage.  The  localised 
formation  of  oxides  plus  lithiation  process  will  crack  the  scale, 
causing  new  active  points,  which  are  possibly  to  cause  another  run 
of  localised  corrosion.  On  the  other  hand,  the  lithiation  process 
shows  an  insignificant  effect  on  the  corrosion  of  the  as-annealed 
coating,  and  its  effect  confines  only  to  the  initial  stage,  and  the 
transport  of  charged  particles  in  the  scale  is  the  rate-limiting  step. 

4.  Conclusion 

Electrochemical  impedance  is  used  to  study  the  corrosion 
behaviour  of  Al  coated  sample  without  high-temperature  annealing 
at  850  °C.  The  as-annealed  coating  shows  better  corrosion  resis¬ 
tance  compared  with  the  Al— Fe  intermetallics  coating  formed  in- 
situ  on  as-deposited  coating  during  the  corrosion  process,  even 
though  the  latter  shows  higher  aluminium  content  on  the  surface. 
The  microstructure  of  the  coating  is  proposed  to  be  crucially 
important  for  the  corrosion  resistance  of  the  aluminide,  because 
pores  and  crack  is  going  to  let  through  the  oxygen  ion  species  or 
lithium  ion  to  create  the  active  area  inhibiting  the  formation  of  a 
protective  scale. 
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